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INTRODUCTION
While total aquaculture production in Europe is
stagnating, rapid growth has been observed in finfish
aquaculture in marine waters (FAO 2016). European
finfish production in marine waters (1.8 Mt) is prima-
rily situated in Norwegian fjords and coastal waters
(1.3 Mt) and is dominated by Atlantic salmon Salmo
salar production (>90%). Total finfish mariculture
production volume in Europe has doubled over the
past decade (FAO 2016), and significant further in -
crease is expected. Growth of marine finfish produc-
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ABSTRACT: The aim of this study was to define the waste plume dynamics around a salmon farm in
Norway. Systematic water sampling and numerical modeling were implemented to define nutrient
concentrations in the upper water column at long-term (seasonal) and short-term (between and
within days) time scales. Nutrient enhancement was observed for ammonium only, while the concen-
trations of orthophosphate and organic wastes were never higher than the background values. The
spatial magnitude of cage effluent dispersion was limited. Empirical results detected enhanced con-
centrations up to 100 m down-current of the farm when fish biomass was high. Model results showed
that the zone of influence could occasionally reach to >1000 m. In the first year of production, when
fish biomass was low, no enhancement was detected, and in April and September of the following
year, average ammonium concentrations were respectively 0.2 and 0.8 µM above the background
concentrations. Taking the ambient seasonal variability into account, this resulted in 1.6 times higher
concentrations for both sampling months. The measured short-term temporal variability in nutrient
concentrations near the cages varied up to 2 times from day to day and were 3.5 times higher in the
evening compared to the morning. As seasonal investigations were performed in the morning, maxi-
mum enhancement was likely underestimated. The rapid decrease in nutrient concentrations with
increasing distance from the cages suggests that the farm studied here is currently not causing
 significant degradation of surface water quality. Results of this study contribute to evaluating the
 potential for ecological mitigation of waste nutrients and provide directions for design of optimized
integrated multi-trophic aquaculture facilities.
KEY WORDS:  Atlantic salmon · Farm scale · Nutrients · Nitrogen · Integrated  multi-trophic
 aquaculture · IMTA · Pelagic · Environmental impact
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tion in open sea cages has raised a general concern
regarding potential impacts of organic and inorganic
waste products on the coastal marine environment
(Read & Fernandes 2003, Mente et al. 2006, Price et
al. 2015). Waste products consist of uneaten feed pel-
lets, fecal material and metabolic waste products in
dissolved inorganic forms. Dissolved wastes may
enhance am bient nutrient levels (Troell et al. 2003,
Sarà 2007, Price et al. 2015), potentially influencing
primary and secondary production (Cloern 2001,
Price et al. 2015), while the majority of particulate
matter sinks to the seabed and has the potential to
change the structure and function of benthic commu-
nities and biochemical functioning of the sediment
(Kalantzi & Karakassis 2006, Kutti et al. 2007, Valde-
marsen et al. 2012, Bannister et al. 2014). Mass bal-
ance models have indicated for a range of fish spe-
cies that 20−70% of nitrogen supplied with the fish
feed is released as excess nutrients (Islam 2005). For
farmed salmon, it is estimated that these numbers
approximate 60−80% for both nitrogen and phospho-
rus (Mente et al. 2006, Bergheim & Braaten 2007,
Wang et al. 2012).
One of the major challenges for the sustainable
development of open-water finfish culture is to
 minimize waste discharges and/or to exploit the dis-
charged nutrients. Integrated multi-trophic aqua -
culture (IMTA) has been proposed as a mitigation
approach that exploits the waste nutrients released
through intensive fish farming (Neori et al. 2004,
Chopin et al. 2008, Soto 2009, Granada et al. 2016).
IMTA is based on the principle of waste recycling
and in cludes farming of multiple complementary
species from different trophic levels in a manner that
allows the waste of one species to be recaptured or
converted into a resource that is utilized by other
species (Ryther et al. 1975). Recent IMTA develop-
ment for finfish aquaculture often includes suspended
bivalves to recapture solid wastes and seaweeds for
extracting the inorganic nutrients (Chopin et al.
2005, 2008, Granada et al. 2016) and thus focuses on
biomitigation in the euphotic zone. Understanding
the complex dynamics at cage aquaculture sites in -
volving the physical environment and its effects on
waste dispersal patterns is vital for estimating IMTA
efficiency.
Environmental impact assessments indicate that
the spatial extent of waste dispersal is often limited to
a few hundred meters from the farm (Brooks &
Mahnken 2003, Sarà et al. 2004, Yokoyama et al.
2006, Bannister et al. 2016). These studies are mostly
directed towards deposition of aquaculture wastes
towards the bottom (vertical transport), whereas less
is known about pelagic dispersion (horizontal trans-
port) of dissolved organic and inorganic nutrients
released by sea cage cultures (Sarà 2007, Handa et
al. 2012, Husa et al. 2014). A few studies have re -
ported enhanced water column particle and/or nutri-
ent concentrations in the vicinity of marine finfish
cages, while minimal or no enhancement was pre-
sented in several other studies (see Price et al. 2015
and references therein). Far-field impact studies tar-
geting horizontal transport of aquaculture discharges
in the euphotic zone are rare. Maximum impacted
distance has been reported by Sanderson et al.
(2008), who presented ammonium concentrations of
1 µM above background values up to 200 m distance
down-current from sea cages. The varying and con-
flicting results observed for distribution patterns of
aquaculture discharges between study sites can be
attributed to a number of factors, including variations
in total area used for culture, degree of intensifica-
tion, production level, profile of the water body,
bathymetry of the system, hydrodynamic conditions
and water-exchange mechanisms of the sites (Islam
2005). Moreover, waste plume dynamics within a site
are subject to temporal factors including seasonal
aspects such as fish biomass, but also hydrodynamic
conditions including tidal cycles and wind-induced
current patterns, as well as diurnal patterns induced
by feeding regimes and fish activity.
The current study focuses on horizontal dissolved
waste dispersal from salmon cage farming in Norwe-
gian coastal areas. How aquaculture wastes are dis-
tributed in these areas is largely unknown, and since
Norwegian coastal and fjord systems differ consider-
ably from other cultivation sites in terms of bathy -
metry, depth, hydrodynamics and environmental
conditions such as temperature and phytoplankton
concentrations, waste distribution might vary consid-
erably from other cultivation areas. Vertical transport
of aquaculture waste particles in fjords has been
studied by Kutti et al. (2007) and Valdemarsen et al.
(2012) and modeled by Bannister et al. (2016), de -
monstrating the importance of hydrodynamic condi-
tions on waste dispersal in deep fjords. Horizontal
nutrient dispersal has been studied at the regional
level in the Hardangerfjord (Skogen et al. 2009, Husa
et al. 2014), while information on farm-scale waste
distribution has only been studied in terms of particle
dynamics (Brager et al. 2015). It is expected that Nor-
way’s farms of the future will largely increase in size
and will be located in dynamic coastal areas.
Here we aimed to quantify dissolved nutrient con-
centrations down-current of a large-scale commer-
cial Atlantic salmon farm to define near- to far-field
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waste plume dynamics in the euphotic zone of a
dynamic coastal system. Systematic water sampling
programs were implemented to investigate the short-
and long-term temporal variation of dissolved waste
plume dynamics. As empirical measurements  present
an instantaneous recording of environmental condi-
tions, a numerical model was used to further assess
the potential extent of the waste plume and to esti-
mate the dynamics at higher temporal and spatial
resolutions.
MATERIALS AND METHODS
Study site and farm management
To determine the dynamics in nutrients released
from salmon aquaculture, a field study was con-
ducted at a large-scale commercial Atlantic salmon
farm located close to the open sea in central Norway
(61° 34.586’ N, 4° 48.942’ E, Fig. 1A,B). The farm con-
sisted of 7 circular net pens (∅ 80 m) situated in a row
parallel to the dominant current direction (Fig. 1C).
Historical data from the farm showed that current
patterns at this location were primarily driven by
tidal cycles. The sides of the cages were 20 m deep,
and the bottom was conical with a maximum depth of
30 m. Average depth below the farm was 75−200 m.
The farm was operated in a 16 mo production
cycle; juveniles of approximately 100 g were stocked
in August 2012 with a density of 200 000 ind. cage−1
and harvested between September and December
the following year. Farm management was based on
an all-in-all-out principle at cage level, and therefore
no sorting was applied throughout the production
cycle. The provided pelleted fish feed increased
gradually as the production cycle progressed, but was
also dependent on ambient temperature, and varied
between 82 and 724 t mo−1 (Fig. 2). Generally, feed
was supplied to the cages between 07:00 and 19:00 h,
387
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Fig. 1. (A,B) Location of study site in western Norway. (C) Study site (Flåtegrunnen), showing the location of salmon net pens
 (circles) and reference sites (Stns 15−17). (D) Outline of the grid survey; circles represent the sal mon cages, and numbers 
indicate the sampling stations inclu ded in the syste matic water sampling cam paigns (see also Table 1)
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with a period of food exclusion between 12:00 and
14:30 h. Approximately 60% of the feed was supplied
in the morning period and 40% in the afternoon.
Water sampling campaigns
Three systematic water sampling campaigns were
carried out at 6 mo intervals in September 2012,
April 2013 and September 2013. Accompanying
para meters were investigated to evaluate hydro -
dynamic and environmental conditions during the
sampling programs (Jansen et al. 2016), but were
not intended to provide information on long-term
environmental variations at the farm site. Current
meters (SD6000, Sensor Data AS) and CTD probes
(STD/CTD 204, SAIV) were installed at farming and
reference stations over a period of 2−4 d during each
sampling campaign.
During each sampling campaign, a grid survey
 in cluding 17 stations was conducted (Fig. 1D). This
grid design, including a gradient moving away from
the farm and 3 reference stations, was chosen based
on Husa et al. (2014), Jansen et al. (2016) and V. Husa
(unpubl. data). The grid consisted of a
vertical transect along the farm including
6 stations and 2 reference stations which
were sampled in triplicate and an addi-
tional 8 stations and 1 reference station
that were sampled once (Table 1). Sam-
pling was performed in the morning after
fish feeding commenced and at least 1 h
after the tides turned to guarantee a one-
directional current direction throughout
the sampling period. Stations were sam-
pled in a haphazard manner by means of
2 boats to minimize the total timespan for
sample collection to 1.5−2.5 h. Depth
transects were obtained at each station
by water sampling at regular intervals
from the surface up to depth of the fish
cages (1, 5, 10, 15 and 20 m depth), and depth pro-
files for temperature, fluorescence and salinity were
simultaneously obtained by running an STD/CTD
204 profile up to 40 m depth. Water samples were
analyzed for total nitrogen and phosphorus (TN, TP)
and dissolved inorganic nitrogen and phosphorus
(DIN, DIP).
Short-term temporal variability (within and be -
tween days) was determined at selected stations and
sampling campaigns, applying a similar depth inter-
val range as described above. Determination of hy dro -
dynamic conditions covered the timespan when
short-term temporal variability measurements were
performed. To determine daily variability in water
quality parameters, Stns 1, 3, 4 and 16 were sampled
again the following day during the sampling cam-
paign in April and September 2013. The same param-
eters as included in the seasonal study were analyzed
(TN, TP, DIN, DIP and CTD profiles). To compare
con centrations between the 2 consecutive days, a
similarity index was introduced (concday1/ concday2).
This similarity index indicates when concentrations
between the 2 sampling points were  similar; values
<1 indicate that concday1 < concday2, and values >1 in-
Fig. 2. Time series of observed and simulated background depth-inte-
grated (0−10 m) dissolved inorganic nitrogen (DIN = NO3− + NH4+) and
NH4+ concentrations at Flåtegrunnen from September 2012 to September
2013 based on re sults from the numerical model. Monthly feed use for the 
farm is also shown
Stn 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Distance to 100 <5 <5 100 200 400 100 100 200 400 100 100 200 400 1000 1000 1500
farm (m)
No. of replicate measurements
Sep 2012 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Apr 2013 3 3 3 3 3 3 1 1 1 1 1 1 1 1 3 3 1
Sep 2013 3 3 3 3 3 3 1 1 1 1 1 1 1 1 3 3 1
Table 1. Experimental set-up for the systematic water sampling campaign. Farm = Stns 2 and 3, ref = Stns 15–17, see Fig. 1C,D 
for the station survey grid
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dicate that  concday1 > concday2. Standardized variance
was calculated by identifying the difference from the
similarity index for each sampling point. If standardi-
zation had not been applied, average variance could
have resulted in a value of 1 (= zero variance), as dif-
ferences could be both above and below 1. Addition-
ally, variations within 1 day (diurnal variability) were
determined in September 2013 close to Stn 2 (2−3 m
from the west side of the fish cage). Triplicate
samples were taken at 06:00, 06:30, 07:00 and 08:00 h
and every 2 h thereafter until 20:00 h, with the last
sampling performed at 21:00 h. For these samples,
only ammonium (total ammonium nitrogen, TAN)
concentrations were determined.
During all sampling campaigns, water samples
were processed on board a research vessel where
the samples (1 l) were divided over different nutrient
vials. Subsamples for determination of dissolved
(20 ml) and total nutrient concentrations (100 ml)
were preserved with chloroform and stored at a cool
and dark place, and ammonium subsamples (20 ml)
were immediately frozen at −20°C.
Laboratory analysis
Samples for nitrate (NO3), nitrite (NO2), phosphate
(PO4) and silicate (Si(OH)4) were analyzed according
to standard methods (Parson et al. 1992), and ammo-
nium (TAN) concentrations were analyzed by means
of fluorometric analysis (Kérouel & Aminot 1997,
Holmes et al. 1999). Both analyses were adapted for
an auto-analyzer. TN and TP were analyzed using
spectrophotometric methods as described by Grass -
hoff et al. (1999).
Data and statistical analysis
To test the difference between nutrient concentra-
tions measured at farm and reference stations, a 2-
way nested ANOVA was performed with fixed factors
for site (farm versus reference) and station (S2, S3,
S15, S16) for each depth interval separately in April
and September 2013. Differences in standardized
variation (daily variation) between farm and reference
stations were analyzed using an independent t-test.
Statistical analyses were performed using SAS 9.3,
and data were checked for homogeneity and normality
of variance assumptions (Quinn & Keough 2002).
Numerical modeling
A nested, coupled 3D hydrodynamic−ecological
model system (SINMOD, Broch et al. 2013) was used
to simulate the spread and dilution of ammonium
 released from the Flåtegrunnen from February to
September 2013. The hydrodynamic module solves
the primitive Navier-Stokes equations by a finite
 difference scheme. The model is hydrostatic and uses
z-coordinates (Slagstad & McClimans 2005). The eco-
system module includes compartments for concentra-
tions of phytoplankton and nutrients (Si(OH)4,
NO3−-N, NH4+-N) which allows for simulating both
physical dilution and uptake by phytoplankton of am-
monium. Remineralization of NH4+-N into NO3−-N is
accounted for. There are  further states for bacteria,
heterotrophic nanoflagellates, ciliates and meso -
zooplankton in addition to detritus and sediments
(Wassmann et al. 2006). In order to study near-field
to far-field processes related to fish farming, high-
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Fig. 3. Comparison between empirical and modeled ammonium concentrations in (A) April and (B) September for each station.
Red Xs represent the depth-integrated empirical results. Black Xs represent the median simulated values sampled hourly over
the entire month (n = 720 samples for each station), where the black thin lines show the standard deviation, and the thick dark
gray lines show the 5 to 95 percentiles. The light gray bars show the range of the minimum to the maximum simulated values 
at each of the sample points over each month
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resolution models are required. A model setup for
the region around Flåtegrunnen in 32 m horizontal
resolution was therefore established following the
procedure de scribed by Broch et al. (2013). Vertical
layers  ranging in thickness from 0.5 m near the
 surface to 25 m at greater depths were used. The
 simulation time step was 6 s. The ammonium was re-
leased from 3 to 15 m depth. The release rates were
calculated from reported feed usage (Fig. 2) using a
conversion factor of 0.025 kg ammonium released per
kg dry fish feed used (adapted from Wang et al.
2012). A comparison between empirical measure-
ments and modeled concentrations is provided in Fig.
3. The simulation results were used to make 2D spa-
tial maps of the maximum concentrations of ammo-
nium for April and September 2013. Maps of the
probability for ammonium concentrations be tween 0
and 25, 25 and 75, and 75 and 100% of the model do-
main maximum were made for April and September.
Simulated hourly values were used, with the concen-
trations normalized with re spect to the highest con-
centration for each hourly time  interval. All values for
simulated ammonium concentrations are presented
as depth-integrated (0−15 m) values, except where
depth <15 m, where the values were integrated from
the surface to the bottom.
RESULTS
Spatial dynamics throughout the production cycle
The CTD information demonstrated that the water
body was comparable between sampling stations
Fig. 4. Seasonal variability in nutrient concentrations at the farm (closed circles, Stns 2 and 3) and reference (open circles,
Stns 15 and 16) locations. Values are presented as mean ± SE for April and September 2013 (n = 3 per station), and as averages 
excluding SE for September 2012 (n = 1 per station, see also Table 1)
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within each sampling campaign, indicating that vari-
ations in nutrient concentrations could be attributed
to farm-induced effects and were not the result of
 differences in water column properties between sta-
tions. The stratification interval of the water column
was observed at 10 m depth in September 2012 and
35 m depth in April 2013, while no clear stratification
of the upper 40 m was observed in September 2013.
Temperatures were 11−13°C (September 2012), 4−6°C
(April 2013) and 12−15°C (September 2013), and
salinity was 25−30 ppt (September 2012), 32−34 ppt
(April 2013) and 24−33 ppt (September 2013). During
the sampling campaigns, the predominant current
direction at the farm was south-west (210−230°) and
east (90−110°), depending on the tidal cycle, and it
was confirmed that current direction was unidirec-
tional during the systematic water sampling cam-
paigns. Current direction at 5 and 20 m differed
slightly, with a larger angle for the 5 m depth obser-
vations. Average daily current speeds varied be tween
2 and 9 cm s−1, and were generally lower in April
compared to September.
Ambient dissolved nitrogen concentrations varied
throughout the year (Fig. 2). Enhancement of ammo-
nium (TAN) concentrations in close proximity of the
fish cages was observed in April and September 2013
(nested ANOVA α = 0.05, see the Supplement at
www. int-res.com/articles/suppl/ q010p385_ supp. pdf).
On average, 1.6 times higher ammonium values were
observed at the farm compared to the reference sta-
tions, and differences were observed for all depth
intervals (Fig. 4). Higher ammonium values did not
result in significantly higher TN concentrations, with
the exception of the surface water concentrations in
September 2013 which were slightly elevated, likely
due to enhanced ammonium concentrations. At the
same time, significantly higher total and dissolved
phosphorus (TP, DIP) values were observed in the
surface water in September 2013. However, apart
from ammonium, no significant increase of nutrients
(TN, TP, NO3, NO2, PO4) was observed between the
stations close to the fish cages and the reference sta-
tions (Fig. 4; see Supplement). Additionally, statisti-
391
Fig. 5. Spatial distribution of the waste plume as observed
with empirical measurements. Contour plots show average
depth-integrated ammonium (total ammonium nitrogen in
µmol l−1) concentrations in and around the salmon farm dur-
ing sampling campaigns in April and September 2013. The
rectangle represents the salmon farm (7 cages), and the
crosses indicate the sampling stations (see Fig. 1C,D). The
contours were interpolated using the kriging method
(Surfer, V11 Golden Software). The legends specify ammo-
nium concentrations for the graph immediately below. Note 
that the color scalings are different in the 2 plots
Fig. 6. Time-integrated maximum ammonium concentrations as observed for each grid cell in the simulation model during the
entire month of (A) April and (B) September. Circles indicate the salmon cages, and black crosses are the sampling stations as
outlined in Fig. 1. The plots show a subregion of the model domain used. The color maps correspond qualitatively with those 
used in Fig. 5
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Fig. 7. Probability maps for simulated ammonium dilution in (A–C) April and (D–F) September. The colors represent the (tem-
poral) probability of an ammonium concentration in a grid cell at (A,D) <25%, (B,E) between 25 and 75% or (C,F) >75% 
of the maximum concentration in the model domain for each (hourly) time sample
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cal analysis for ammonium showed that the nested
term was significant for most depth intervals, indica-
ting that variability was high between stations, both
within the farm as well as for the reference stations.
Transect results indicated that the ammonium con-
centrations decreased significantly within short dis-
tances from the cages (Fig. 5). In September 2013,
the highest concentrations were observed at Stn 4
(100 m east) with a maximum concentration of (mean
± SE) 4.8 ± 0.2 µM detected at 15 m depth. The aver-
age depth-integrated concentration for 4 was 2.9 ±
0.3 µM, 2.1 times higher than the concentrations at
the reference sites in September 2013. For all other
up- and down-current stations, no elevation of
ammonium beyond background values could be
detected. Dis tribution data of depth-integrated TN,
TP and PO4 concentrations did not show any spatial
pattern (data not shown).
The numerical model results also indicated that the
ammonium diluted sharply away from the fish cages,
mainly along an east−west axis (Fig. 6). Maximum
concentrations were observed within the cages, but
model output also pointed out that enhanced ammo-
nium concentration could be found more than 1000 m
away from the farm (Fig. 6). Fig. 7 demonstrates,
however, that the probability of observing these high
concentrations is low, indicating that they will only
rarely occur at these large distances. The probability
of concentrations close to the maximum (>75%;
Fig. 7) was found in the immediate vicinity of the
cages, and the majority of enhanced values (between
25 and 75% of maximum values; Fig. 7) were re -
corded within a few hundred meters of the fish cages.
The model results further indicated that the plume of
ammonium from the fish farm was transported west-
erly from the farm (Figs. 6 & 7).
Between-day variation
Nutrient concentrations varied for measurements
carried out during 2 consecutive days at the same
stations (Fig. 8). Differences were irrespective of
depth interval, and observed concentrations were
both above and below the ‘similarity index’ (Fig. 8)
within season and station. Depth- and  station-
integrated averages for standardized variation showed
that concentrations between 2 consecutive sampling
days were 38 and 40% for ammonium, 17 and 56%
for phosphate, 12 and 16% for TN, and 31 and 21%
for TP in April and September, respectively. Signifi-
cantly higher variation in ammonium concentrations
was observed at the farm station (62 ± 12%) com-
pared to the reference station (28 ± 6%, t-test, p <
0.05), while there was no statistical difference in
standardized variance between the farm and refer-
ence station for the other nutrients (independent
t-tests for PO4, TN and TP, p > 0.05). In September,
the highest ammonium values were observed at 15 m
depth at the down-current station (Stn 4, 100 m) dur-
ing Day 1 (4.8 ± 0.2 µM), while the following day
maximum values were recorded at 10 m depth at the
farm station (Stn 3; 5.8 ± 0.4 µM).
Within-day variation
Ammonium concentrations close to a fish cage
(2−3 m distance) increased throughout the day, par-
ticularly from 12:00 h onwards (Fig. 9B). Samples
were collected on the west side of a cage, indicating
that water was delivered directly from the cage when
the current direction was 270° (03:00−10:00 h and
after 19:30 h), whereas with an opposite current
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Fig. 9. Within-day variability in (A) current direction measured at 5 m depth and (B) average ammonium concentrations meas-
ured directly beside a salmon net pen at the 5 sampling depth intervals in September 2013. Ammonium sampling was per-
formed during daylight hours
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direction (12:00−19:30 h), water from the neighbor-
ing cage 50 m westwards was sampled (Fig. 9A). The
maximum (20:00 h) depth-integrated average con -
cen trations were 4.5 times higher than the minimum
(06:00 h) concentrations. Maximum ammonium val-
ues were observed at 10 m depth in the early morn-
ing and at 5 m depth later during the day (Fig. 9B). As
for the measured results, the simulation results also
indicated a diurnal variability driven largely by the
tidal movement (data not shown).
DISCUSSION
The results in this study indicate that the spatial
dispersal of nutrient effluents from a commercial
Norwegian Atlantic salmon farm was limited to a few
hundred meters away from the farm. We also found
that the short-term temporal variability (between and
within days) in effluent concentrations can be signif-
icant, which has implications for how nutrient enrich-
ment due to aquaculture activities may be assessed.
The results of this study are important for under-
standing the environmental effects of salmon farm-
ing and for evaluating the potential for IMTA.
Waste plume dynamics
Ammonium concentrations were enhanced in the
proximity of Atlantic salmon cages located in a
dynamic coastal area in Norway, whereas enrich-
ment with other soluble metabolic byproducts such
as orthophosphate or dissolved particulate wastes
was not detected. This is in line with fish metabolism,
where ammonium is a by-product from protein cata -
bolism and is continuously excreted, while ortho -
phosphate is only excreted in excess of metabolic
requirements (Bureau et al. 1999). Although ammo-
nium is continuously excreted, the level of excretion
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Culture type Mean cur- Para- Near-field Medium/ Description Source
and rent speed meters enhance- far-field medium/far-
production (cm s−1) ment (max) enhancement field transect
Salmonids
Max. 3000 t SS 2.4−8.6 NH4 Yes (1.6×) Yes (to 100 m) 0−100−200−400 m, This study
(max) NOx, PO4 No No Ref = 1000 m
TN, TP No No
Max. 450 t SS 1.5−3.1 NH4 Yes (6×) Yes (to 200 m) 0−50−200−300 m, Sanderson et al. (2008)
(max 14.4) NOx, PO4 No No Ref = 400 m
Max. 450 t SS (min 2.5, NH4 Yes (3.5×) Yes (to 40 m) 0−40−190 m Navarro et al. (2008)
max 7.5) DON Yes (2×) Yes (to 40 m) Ref = 650 m
DOP, PO4 No No
NO3 No No
235 t yr−1 2.7−3.5 NH4 Yes x x Wildish et al. (1993)
(max 14.4) NOx, PO4, No
Max. 575 t SS x NH4 Yes (5.2×) Yes (to 20 m) 0−5−10−20−50 m Merceron et al. (2002)
NOx, PO4 No No Ref = 300 m
Seabream/bass
250 t yr−1 x DIN, Yes (5.4×) x Ref = 1000 m La Rossa et al. (2002)
PO4 Yes x
DOC
90−130 mean SS x NH4 Yes (2.6×) Yes (to 50 m) 0−50 m Neofitou & Klaoudates 
NO3 Yes (2.0×) Yes (to 50 m) Ref = 300 m (2008)
NO2 Yes (2.0×) Yes (to 50 m)
PO4 Yes (2.7×) Yes (to 50 m)
350−400 t yr−1 x NH4 Yes (4×) Yes (to 30 m) 0−7−15−30 m Mantzavrakos et al. (2007)
PO4 Yes (4.5×) Ref = 2000 m
NH4, PON Yes (x) No Pitta et al. (2006)
PO4, POP
Table 2. Review of nutrient enhancement in the near-field (next to cages) and along a transect away from fish cages (medium to far-
field) for the 2 main cage culture types. SS: standing stock, TN: total nitrogen, TP: total phosphorus, DON: dissolved organic nitrogen,
DOP: dissolved organic phosphorus, DIN: dissolved inorganic nitrogen, DOC: dissolved organic carbon, POP: particulate organic 
phosphorus, x: values were not reported, Ref = distance to nearest reference site
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can be variable throughout the day, normally in rela-
tion to feeding times (Brett & Zala 1975). A literature
review indicated that ammonium levels around fish
cages are often enhanced, while results on phos-
phate vary (Table 2). No enhancement in dissolved
particulate nutrients was observed, which is in agree -
ment with Brager et al. (2015, 2016), who showed
that the enhancement of total particulate matter con-
centrations was highly localized around salmon
farms in Canada and Norway, including the same
farm that we studied here.
Discharge levels depend on the standing stock of
salmon and feeding levels, and thus vary throughout
the production cycle. No elevation in ammonium con-
centrations was detected in the first year of the pro-
duction cycle. However, increasing biomass re sulted
in increased ammonium values (up to 0.2 µM above
background concentrations) in April of the second
year and to a maximum of 0.8 µM above background
at peak production. This is considerably lower com-
pared to Sanderson et al. (2008), who re ported a
maximum of 8 µM ammonium (generally 0.6− 4.2 µM)
above background values in close vicinity of salmon
cages in Scotland. As ambient nutrient concentra-
tions vary seasonally (Sætre 2007; Figs. 2 & 3), the
relative contribution of waste nutrients to ambient
nutrients was similar between April and September
(1.6 times). This is lower compared to other studies in
salmon and seabass/bream farming, which have
reported between 2.2 and 6 times higher ammonium
values near fish cages (Table 2). The  relatively low
enrichment detected in our study is inconsistent with
results from the past studies and is likely related to a
higher rate of dispersion. This is supported by the
medium/far-field measurements which demonstrated
that concentrations at 100−400 m were similar to
background values. The only exception was the high
ammonium concentration measured at 100 m directly
down-current (easterly direction) of the farm (Stn 4)
in September 2013. The model simulation results fur-
ther indicate that ammonium concentrations sharply
decreased away from the fish farm due to physical
dilution and uptake by phytoplankton (Figs. 6 & 7).
Occasionally high simulated concentrations were
found further from the farm than what was apparent
from the field data (Fig. 6). This highlights the spatial
and temporal  limitations of empirical sampling, as
one might not sample during the time period when
waste plume dispersal is at its maximum (Figs. 6 & 7
are based on continuous simulation results for the
entire months of April and September) The modeling
results indicate that the waste plume extended more
in a westerly than an easterly direction. This could
not be confirmed or rejected by the empirical sam-
pling results, as the sampling campaigns focused on
the waste plume dynamics on the eastern side of the
farm. This rapid decrease in waste nutrient concen-
trations are in line with those published by Merceron
et al. (2002), Lander et al. (2004) and Navarro et al.
(2008), who reported that high concentrations of dis-
solved nutrients observed next to the cages were
diluted to background levels after 20−50 m from the
cages. Sanderson et al. (2008) reported enhanced
ammonium concentrations at 200−300 m, but princi-
pally within 50 m down-current from the cages. It is
interesting to note that the latter study also demon-
strated that ammonium plumes from fish cages may
show non-linear patterns with higher concentrations
ob served further from the farm compared to meas-
urements beside net pens. This is similar to the pat-
tern observed in our study, where in September
(2013), 1.4 times higher values were observed at the
100 m (Stn 4) compared to the measurements close to
the cages. Furthermore, Sanderson et al. (2008) sug-
gested that this is related to the complex near-field
hydrodynamics in proximity of fish cages. However,
it should be noted that the bathymetry in their study
area was somewhat more complicated compared to
our study site.
As the level of enrichment is low, the question
arises how this relates to natural and farm-induced
temporal variability. Patchiness of ambient water bod-
ies may cause fluctuations in water quality para -
meters on short-term temporal and small spatial
scales. In order to be able to distinguish farm-induced
effects from environmental fluctuations, it is there-
fore important to assess background environmental
variability (Fernandes et al. 2001). The ab sence of
(accurate) in situ ammonium sensors for seawater
necessitates discrete water sampling, which limits
the number of samples both in time and space
(Jansen et al. 2016). Information on short-term tem-
poral variability is therefore sparse. The average
daily variation in measured ammonium concentra-
tions (28% at the reference station and 62% at the
farm station) indicates that the estimated level of
impact may vary strongly from day to day. Higher
variation at the farm stations is not surprising, as
waste fluxes are not expected to exit the cages as a
continuous and homogenous waste stream (Brager
et al. 2016), and the estimated increased nutrient
enhancement varied up to 2 times from day to day.
Jansen et al. (2016) showed for highly variable envi-
ronmental and current conditions in the Bay of Fundy
(Canada) that daily variation in ammonium concen-
trations close to an IMTA farm could vary signifi-
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cantly. Estimates from the numerical model also sug-
gest significant daily variation. Diurnal variation of
nutrient concentrations measured directly besides
the cages was greater than between days; concentra-
tions detected in the evening were 3.5 times higher
than early in the morning. As diurnal variability in
background nutrient concentrations was not meas-
ured, we were unable to determine whether higher
concentration in the evening was caused by lower
uptake by phytoplankton or by increased release by
the fish. The extensive seasonal sampling (spatial
grid) was generally performed in the morning. This
might, however, imply that the observed enhance-
ment close to the cages compared to the reference
stations (1.6 times) was not the maximum due to
lower excretion of effluents by the fish during the
morning hours, and this may explain the larger spa-
tial extent of the plume observed by the model, as
Fig. 6 shows maximum values. Generally, the highest
ammonium concentrations are expected 2 h after
the start of feeding, corresponding with postprandial
peaks in the output of wastes from the fish after feed-
ing (Brett & Zala 1975). This was indeed observed by
Sanderson et al. (2008), who reported a doubling in
ammonium values 2−3 h after fish feeding com-
menced, as well as by Karakassis et al. (2001) who
showed a 7-fold increase for ammonium and phos-
phate approximately 3 h after feeding started. In our
study, values remained low until 5 h after initiation of
feeding until they started to rise. The highest values
were observed at 5 m and are likely linked to the
swimming depth of the fish, as waste release (verti-
cally) is expected to occur at the depth interval with
maximum fish biomass (Oppedal et al. 2011). Maxi-
mum NH4 and DON release at 5 m depth was also
reported by Navarro et al. (2008), and Sanderson et
al. (2008) noted that low levels of ammonium were
observed at 10 m depth compared to sampling at 4 m
depth. Preferred swimming depths and densities of
salmon culture vary on diurnal and daily scales, as
they are the result of active trade-offs among envi-
ronmental influences (e.g. temperature, oxygen) and
an array of internal motivational factors such as feed
and perceived threats (Oppedal et al. 2011).
Environmental effects
Despite the high fish biomass and thus large
amounts of solid and soluble wastes that entered the
water, the quick dispersal of nutrients suggests that
the farm studied here is not causing significant
degradation of surface water quality. Dissolved nutri-
ent levels, however, do not tell the full story on the
state of a system, as nutrients are quickly assimilated
by primary producers, especially in nutrient-limited
systems and/or seasons. Olsen et al. (2014) showed,
for example, that higher additions of inorganic N and
P in a coastal lagoon resulted in higher chl a, phyto-
plankton and particulate organic nitrogen, phospho-
rus and carbon (PON, POP and POC) concentrations
while DIN and DIP concentrations remained stable,
and based on those results suggested PON concen-
trations as an indicator for planktonic state in the sys-
tem. To what degree increased input of dissolved
nutrients affected the biomass and production of
autotrophs and the microbial food web was not in -
vestigated in the present study. The numerical model
includes uptake processes for phytoplankton, and
fluorescent profiles (CTD) and TN and TP measure-
ments were similar across stations and did not point
towards enhancement of phytoplankton biomass.
Based on these and other results (Husa et al. 2014, H.
M. Jansen unpubl data) it was recently concluded in
the risk analysis for Norwegian aquaculture that
salmon farming does not yet cause unacceptable
environmental degradation in pelagic waters (Taran -
ger et al. 2015). However, this may however change
with the projected increase from 1.3 Mt salmon pro-
duction at present to 6 Mt in 2050 (Olafsen et al.
2012)
The projected growth has the potential to increase
both farm-scale (local) impacts as farms will continue
to grow in size, as well as regional impacts due to
higher overall nutrient release into the coastal waters.
While nutrient enhancement at the farm scale has
been observed in a number of studies (Table 2),
fewer studies have reported regional-scale effects.
Skogen et al. (2009) and Husa et al. (2014) found little
evidence that aquaculture has a regional impact on
the ecological status of a large fjord in Norway
(Hardanger fjord) despite the high production level
(70 000 t yr−1, 87.5 t km−2 yr−1). Bay-wide effects on
pela gic water quality, indicating that fish farming
does have the potential to influence ecosystem func-
tioning at regional scales, were reported by Nord-
varg & Johansson (2002) and Pitta et al. (2005). This
demonstrates the need for evaluating aquaculture
effects at larger spatial scales in Norwegian coastal
waters during the coming decades when production
is projected to increase 5-fold, thereby taking into
account the cumulative fish production of a region,
size of the area and hydrodynamics (water volumes,
tidal exchange, currents, water retention times).
 Simulation models can be useful while evaluating
regional-scale effects. Furthermore, developments in
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salmon culture may also change the amount and
forms of waste nutrients released to the environment.
Incorporation of more plant-based ingredients in fish
feed, for example, stimulates protein sparing mecha-
nisms in salmon resulting in decreasing DIN release
rates (Wang et al. 2013). Modeling the fate of wastes
from fish farming largely relies on predictions for the
amount of solid and soluble waste nutrients being
released. There seems to be no general agreement
on the models and underlying assumptions for waste
release from salmon aquaculture (Bergheim & Braaten
2007), which indicates that a revision is required,
including the physiological response of salmon to
new diets.
Nutrient excretion from fish farms has the largest
impact in periods when primary production is nutri-
ent limited, which typically occurs just after the
spring bloom until the beginning of autumn when
light becomes limiting again. While evaluating envi-
ronmental consequences, one should carefully con-
sider the different forms of DIN, as the different
nitrogen forms occur in balance, and both nitrate and
ammonium are absorbed by primary producers. In
the current study, we have only presented the com-
parison between farm and ambient ammonium con-
centrations, as ammonium was the main constituent
DIN in April and September 2013. Hence estimated
enhancement was similar for ammonium or DIN con-
centrations (data not presented). However, as indi-
cated in Fig. 2, the total DIN concentrations are high
in winter and are then dominated by nitrate (NO3)
rather than ammonium concentrations, corroborated
also by the simulation results. In winter, primary pro-
duction is light limited rather than nutrient limited,
which means that farm impacts will be different dur-
ing those seasons. Furthermore, in September 2013,
ambient nitrate concentrations were low compared to
2012. Annual variations are common, and low nutrient
concentrations in September 2013 were ob served for
many regions along the Norwegian coastal zone (mon-
itoring program ØKOKYST, www. miljo direktoratet.
no/ no/Tema/Miljoovervakning/Natur over vaking/
Hav-og-kyst/Okoystemovervaking-i- kyst vann/). As -
ses sing the environmental impact strongly depends
on the background concentrations, which indicates
that with a similar waste nutrient effluent, relative
impact would have been lower in 2012 compared to
2013 with a similar estimated nutrient release from
the fish cages.
The dilution processes around fish farms as high-
lighted in this study demonstrate the importance of
careful decisions of spatial alignment of extractive
species in IMTA systems in order to obtain maximum
productivity and highest bioremediation rates. The
potential for seaweed cultivation at this specific site
is further addressed by J. Fossberg et al. (unpubl.).
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